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Coincidence?

≈ 5

ρdark matter   ≈  5 ρbaryon



Quirks

“Quirks”:  New strongly interacting sector
with new fermions transforming

under (part of) the SM gauge group.
Kang, Luty

Not after “wacky phenomenology”, but instead 
DM from new strongly interacting sector

GK, Roy, Terning, Zurek 
0909.2034



Why?

Avoid difficulties of technicolor by not forcing 
the model to do everything.

Spectrum and some interactions perturbatively 
calculable (like heavy quarkonia...) 

Abundance, detection (safer!), phenomenology
can be qualitatively different from 

“vanilla DM”

See also 
Alves, Behbahani, Schuster, Wacker;
Kaplan, Krnjaic, Rehermann, Wells 
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Quirky Dark Matter

t

“Technicolor”

“quirkybaryon”

technibaryon

q
1/ΛTC

1/ΛQ

t

mq ≈ 100-500 GeV mt = 0
ΛQ ≈ GeV ΛTC ≈ 1 TeV

q

MQB ≈ 2mq MTB ≈ ΛTC



SU(2)Q x SU(2)L x U(1)Y x U(1)QB

Field Content
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Baryon Stability

In SU(2), can write dim-3 gauge invariants
(QQ)  and  (ud)  which break U(1)QB.   

We simply require U(1)QB -- technically natural. 



U(1)QB (like U(1)B) is anomalous w.r.t. EW group.

U(1)QB Anomalous?

U(1)QB is vector-like with respect to SU(2)Q.  

Hence, it is non-anomalous w.r.t. SU(2)Q
(no “dark instanton” violation of U(1)QB). 

It is precisely this fact that will allow 
EW sphalerons to (re)populate B,L,D numbers 
given some initial B-L and “B-D” numbers.



Quirky DM Spectroscopy

Use non-relativistic approximation; Dirac fermions 
decompose in (flavor,spin) space as

   (2,2) x (2,2) = (1a,1a) + (3s,1a) + (1a,3s) + (3s,3s)

Baryons -- the antisymmetric SU(2)Q contraction
of identical particles, require antisymmetric wfn:

   (1a,1a)   ->    spin-singlet, flavor-singlet
   (3s,3s)   ->   spin-triplet, flavor-triplet
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Figure 1: Sketch of the quantum mechanical energy spectrum of our quirky dark matter

composite with the ground state and several excited states shown. Our notation Bq
S corre-

sponds to baryonic states with total electric charge q and total spin S. We have included

O(ᾱ2) (quirky Lyman-alpha) and O(ᾱ4) (quirky hyperfine) splittings, but do not show the

O(ᾱ5) (quirky Lamb shift) splittings or other higher-order effects. The lightest electrically

charged baryons B±
1 (not shown), have spin one, and are slightly heavier than B0

1 due to

subdominant electromagnetic corrections to the potential.
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spin-singlet spin-triplet

Quirky DM Spectroscopy

neutral only electric charge
q=(+,0,-)

mass



Electric charge neutrality implies must have 
mu ≈ md

so that lightest baryon not made out of 
one (lightest) quirk.

(Impose “ud” parity  -->  mq = mu = md.)

Lightest Neutral Baryon
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Quirky DM Spectroscopy

Δmhf  ≈  + α(a)4µ

at Bohr radius

ΔmLα  ≈  + α(a)2µ

µ = mq/2 ≈ MQB/4

-

-

V(r) = -α(r)/r-



Abundance

Barr, Chivukula, Farhi (1990) recognized 

redistribute B,L,D number among electroweak 
doublets above and near the EW phase transition.

sphalerons

Q
QQ
Q
Q
Q
Q

Q
Q
Q

L
L
L

D
D



•  SM:    violate U(1)B+L

•  QDM:  violate generalization U(1)B+L+D/3

EW Sphalerons

Leaves two anomaly-free invariants: 
B-L ; B-3D

DB Kaplan



Asymmetric DM Abundance
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nQB ≈ nB exp[-MQB(Tsph)/Tsph]

Mass of DM
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Figure 2: Contour plots of the density ratio ρD/ρB = (1, 5, 25) shown by dashed, solid,
dot-dashed (red, blue, green) lines. The axes are the invariants (I1, I2) ≡ (B−L, B−3D) in
arbitrary units; a mirror symmetric plot can be obtained taking (I1, I2) → (−I1,−I2). Plot
on the left has M = 200 GeV, x = 0.25, and on the right M = 1000 GeV, x = 0.25. The
plots demonstrate that a viable region exists with ρD/ρB � 5, corresponding to a “bathtub
ring” around a valley in (I1, I2) space. The bottom of the valley has ρD/ρB � 0.

The third way, inelastic scattering, has been considered before in general [35] and recently
in the context of composite inelastic dark matter [36, 37]. Quirky dark matter is more akin
to Ref. [35], where it was shown that one needs fairly small splittings, up to about 10 MeV,
to allow for inelastic recombination. The smallest splitting in quirky dark matter is the
hyperfine splitting. Combining a rough bound from LEP II, mq >∼ 100 GeV, with ᾱ >∼ 0.1
to satisfy direct detection bounds (explicitly shown later in this section), we find the hyperfine
splitting Ehf � 2ᾱ4µ/3 >∼ 30 MeV. So, we do not anticipate inelastic scattering or inelastic
recombination in direct detection experiments.

4.2 Higgs Exchange

Our quirks acquire mass through the Higgs mechanism, and hence B0
0 has interactions with

matter through Higgs exchange. Just as the Higgs couples to the q̄q content of the nucleon
through �N |q̄q|N�, the Higgs also couples to the quirk-quirk content of our quirky baryonic
dark matter �B0

0 |qq|B0
0�. Unlike the nucleon, however, the quirkcolor gluon condensate is

presumed to give a negligible contribution to the quirky baryon mass. The calculation of
Higgs exchange is most easily done in the low energy effective theory below the scale of the
quirky baryon. Then we can treat B0

0 as simply a complex scalar with a renormalizable

11

ρQB
ρbaryon

Naturally get ρdark ≈ 5 ρbaryon

1
5

25



Detection Strategies



Direct Detection I

q
qq q

p,n p,n
h

mh = 115 GeV

mh = 200 GeV

Completely determined by Higgs mass.

Xenon100 1104



Direct Detection I

q
qq q

p,n p,n
h

mh = 115 GeV

mh = 200 GeV

Completely determined by Higgs mass.

Xenon100 1104

  Lattice extraction
of strange content

direct impact     



Direct Detection II

The charge radius

φ*φ vν ∂µFµν
——————————

Λ2

 vanishes due to ud-parity (here Aµ -> -Aµ). 

This is important, since our estimate from direct
detection bounds is:  rD-2 ≈ Λ2  ≈>  (500 GeV)2 



(  )

Direct Detection III

EM polarizability through:

φ*φ Fµν Fµν
——————————

a-3

σχ(Nucleus)  ≈  ———————Z4 αem2

A2 a-6
αem——αQ

2
——————µr2 rNuc-2

using Pospelov, ter Veldhius

Using NR QM calculation of EM polarizability, 
obtain:



Direct Detection III

q
qq q

p p
γ

EM
polarizability

σ   proportional to Z4

•

Xenon100 1104
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Figure 3: Bounds of nuclear cross section. We have plotted σpol,eff from Eq. (4.23) us-
ing data from CDMS (blue dash), Xenon (green dot-dash) and Tungsten (red dot). The
solid lines are theory predictions due to the polarizability operator for two flavors as a
function of dark matter mass MD. From right to left we have plotted σeff for ᾱ(rB) =
{0.2(blue), 0.4(purple), 0.6(yellow)} respectively.

5 Indirect Detection through Absorption Lines

An interesting feature of quirky dark matter is that it has a spectrum of excited bound states
that can be excited by absorption of SM particles such as the photon and Z. The photon
interaction, in particular, provides an fascinating possibility to probe dark matter directly
through photon absorption lines, entirely analogous to how matter itself is probed through
its own photon absorption lines. The typical energies for quirky excitations, as we see below,
are in the gamma-ray region. The possible existence of dark lines due to inelastic transitions
of dark matter was considered before in a somewhat different setup in Ref. [46]. We will
apply their results, suitably modified for our case (with one correction to their formulae
given in Appendix C), to the two transitions of greatest interest: the quirky Lyman-alpha
transition, and the quirky hyperfine transition, illustrated in Fig. 1.
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Polarizability Bounds

0.6 0.4 0.2

CDMS 0802

Xenon 0706

− (ᾱ(rB) + q2αem)2 µ/2k2. Denoting the states by the usual quantum numbers, {|k�} =
{|n, l, m�}, with the ground state |0� = |1, 0, 0�, we find

αpol = 2q2e2
�

n>1

���n, 1, 0|z|1, 0, 0�
��2

E1 − En

= kpol
9

2

q2αem

ᾱ + q2αem
r3
B (4.22)

The result above shows that there is an additional q2αem/(ᾱ + q2αem) suppression in the
polarizability relative to the hydrogen atom. This agrees with the analogous calculation for
the electromagnetic polarizability of heavy quarkonia, substituting the quirkcolor coupling
with the QCD coupling [45]. This factor arises since the binding potential is proportional
to ᾱ + q2αem. The additional non-Abelian correction resulting from the log r term in the
potential is encoded in the coefficient kpol. Numerically solving the Schrödinger equation,
we calculated the corrections to the first few terms, finding the largest correction to the
�2, 1, 0|z|1, 0, 0� term and a smaller correction to �3, 1, 0|z|1, 0, 0� term. Extrapolating from
these results, our numerical estimate is kpol = (1.3, 1.4, 1.5) for ᾱ(rB) = (0.2, 0.3, 0.4) and
Nf = 2.

We can now easily determine the bounds and prospects for detection of quirky dark
matter as a function of ᾱ using our expression for αpol in Eq. (4.22), In Fig. 3 we show theory
predictions and experimental bounds on an effective cross section. To combine results from
several experiments with theory predictions the effective nuclear cross section applicable to
the polarizability operator is

σpol,eff =
r2
0

Z4

1

µ(D, N)2
σ(Nucleus)pol . (4.23)

where the individual experiments’ target size (r0) and charge (Z value) have been factored
out, along with two powers of the reduced mass, analogous to Eq. (4.9).

To gain an appreciation of the constraint on r−1
B , we can compute the lower bounds on the

inverse Bohr radius derived from the polarizability constraint directly from Eqs. (4.22),(4.16):

r−1
B

>∼






40− 32 GeV M = 200 GeV
33− 27 GeV M = 400 GeV
30− 24 GeV M = 800 GeV ,

(4.24)

where the range in value corresponds to 0.2 < ᾱ < 0.6. Since the cross section induced by the
electromagnetic polarizability is proportional to r6

B, there is a relatively minor dependence
on the mass of dark matter and the strength of the strong force.
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Indirect Detection I

If QB number exactly conserved, 
annihilation forbidden!

(if not, enter the realm of 
decaying dark matter)



typical transition  Eγ ≈ 100 MeV to 10 GeV

Quirky Lyman-α; Quirky Hyperfine!

Search for dark lines 
from γ-ray absorption!

same signal, different model:  Profumo, Sigurdson

(Futuristic: need ΔE/E ≤ 1%
and clusters/analysis techniques 

to extract S/B)



LHC?  Quirky Meson Decay Signals
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FIG. 1: Decay branching ratios of charged chiral quirkonia in different JPC
states. Solid lines are with Higgs mass

MH = 125 GeV, dashed lines with MH = 250 GeV.

the widths are enhanced by the s-channel Higgs reso-

nance. This can be seen in Fig. 3. There, the WW and

ZZ widths have a resonance at M = MH = 250 GeV

when the s-channel Higgs boson is on-shell. The tt̄ width

does not exhibit this behavior because at 250 GeV, the

decay into two top quarks from a single Higgs boson is

kinematically forbidden.

5. 3P1

The branching ratios for the
3
P1 state are shown in

Fig. 2e. The ZH channel are doubly enhanced and is

dominant for M � 700 GeV.
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FIG. 5: Same as Fig. 4 but for charged vector-like quirkonia. Only the two JPC states shown here have nontrivial
branching ratios. The state 3S1 cannot decay through two-body decays. The 3P0,1,3 states can only decay

radiatively into S states.

J
PC Singly enhanced Doubly enhanced

1
S0 WH

3
S1 Wγ, WH, WZ

1
P1 Wγ, WH, WZ

3
P0

3
P1 Wγ, WZ WH

3
P2 Wγ, WH, WZ

TABLE II: Decay channels that receive enhancements
for charged quirkonia.

J
PC Singly enhanced Doubly enhanced

1
S0 ZH

3
S1 Zγ,ZZ, ZH, γH WW

1
P1 Zγ, WW , ZZ, ZH, γH

3
P0 WW , ZZ, HH

3
P1 Zγ, WW , ZZ ZH

3
P2 Zγ, ZH WW , ZZ, HH

TABLE III: Decay channels that receive enhancements
for neutral quirkonia.

tem is determined by combining that of the Goldstone
boson (0−+) and that of the photon 1−−, which gives
1+−. Keeping the total angular momentum J ≤ 2, we
can add orbital angular momentum L into the system,
forming {0−−, 1−−, 2−−} for L = 1, and {1+−, 2+−} for
L = 2. This is captured in Table IV. One sees that, only
the states 1+− and 1−− matches with the existing quirky
meson states 1P1 and 3S1, respectively. One can see from
Appendix C 2, that only the 1P1 and 3S1 states are en-
hanced. One can also see that both of the decay proceed
via the axial vector coupling of the Z. This is because
the φ0f̄f coupling is a pseudoscalar coupling ψ̄γ5ψ, and
this must correspond to the axial vector coupling of the

J = 0 J = 1 J = 2

L = 0 1+−

L = 1 0−− 1−− 2−−

L = 2 1+− 2+−

TABLE IV: JPC of the φ0γ system.

J = 0 J = 1 J = 2

L = 0 0++ 1++ 2++

L = 1 0−+ 1−+ 2−+

L = 2 1++ 2++

TABLE V: JPC of the ZT γ system with vector coupling
of the Z.

Z, ψ̄γµγ5ψ.
We will go further and illustrate that all other meson

states decay to Zγ via the vector coupling and receive
no enhancements with the same procedure. Consider the
final state with a transverse Z and γ, both with JPC =
1−− for the vector coupling of the Z. The JPC of the fi-
nal states are collected in Table V, where one can see that
the 1S0,3 P0,3 P1, and the 3P2 states are not enhanced.
The JPC of the final states with an axial vector coupling
can be obtained by flipping the C and P numbers ev-
erywhere in Table V. Then one sees that there are also
contributions with no longitudinal Z enhancements via
the axial vector coupling to the decay widths of 3S1 and
1P1. Indeed, there are terms in the expressions for the
corresponding decay widths that are not enhanced.
The procedure above can explain a large number of

enhancements for different quirkonium decay processes.
However, there are instances where the procedure pre-
dicts leading enhancements in some processes when there
should not have been any. The fictitious leading enhance-
ments predicted by this procedures are: 1S0 → W−

T φ+,

9

chiral vector-like

In 1106.3101, Fok & I examined quirky meson decays:



Summary

• ρQDM ≈ 5 ρmatter from asymmetry

• Quirky DM scalar baryon composite; direct detection
  through polarizability (Z4!) and Higgs exchange
  now being tested

• Novel collider signals of quirkonium (meson) decays 
  to h/W/Z pairs due to chiral enhancement  

• As we (re)approach strong coupling (technibaryons)
  better handle on interactions (charge radius,
  polarizability) vital to determine viability  


